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CHAPTER ONE
INTRODUCTION
1.1 Translation
Translation is the biological process of synthesizing proteins using the
chemical information stored in messenger RNAs (mRNAs). Ribosomes perform
translation into cells. Ribosomes are macromolecular machines that move along mRNAs
reading codons with the aid of transfer RNAs (tRNAs) and translational factors. The
process of translation can be broken down into three different stages; initiation,
elongation, and peptide release.

1.1.1 Initiation
In bacteria, this stage of translation (explained in Figure 1.1) involves the
assembly of the translational ribosome complex primary constituted by two subunits of
the ribosome (30S and 50S), an mRNA, and a growing nascent peptide attached to a
tRNA, called peptidyl-tRNA. Proper positioning and interaction of these components are
crucial for translation. The Shine Dalgarno (SD) sequence plays a key role in this stage of
translation. SD sequences are purine rich sequences of bacterial mRNAs located 8-10
bases upstream from the start codon of the open reading frame of any protein encoding
gene. These nucleotides in SD interact with the rRNA of the 30S subunit (16S rRNA) of
ribosomes bound to initiation factor 3 (IF3), allowing proper positioning of the ribosome
for translation. IF3 keeps the 30S subunit from binding to the 50S subunit. This complex
is known as 30S pre-initiation complex (30S-preIC) (Figure 1.1) (Myasnikov, Simonetti
et al. 2009). 30S-preIC later binds initiation factor 1 (IF1), initiation factor 2 (IF2), GTP,
and formyl methionyl tRNA (f-Met-tRNAf-Met). This last complex is known as 30S
1

initiation complex (30S-IC) (Figure 1.1). In the 30S-IC, f-Met-tRNAf-Met interacts with
the start codon of the mRNA attached to the 30S subunit. IF2 bound to GTP ensures the
correct position of the f-Met-tRNAf-Met in this complex. When the 50S subunit is bound
to the 30S-IC, IF2 hydrolyzes GTP to GDP resulting in dissociation of IF-1 and IF-3
from the complex (Figure 1.1). Finally, the IF2 that is attached to GDP is released from
the new complex leaving f-Met-tRNAMet into the translational ribosome complex known
as 70S ribosome or translating ribosome, which is then ready for the first steps of
elongation (Figure 1.2) (Ramakrishnan 2002).

2

3
Figure 1.1: Initiation of translation in prokaryotes. A. IF3 bound to 30S subunit recruits the mRNA, IF1, IF2,
and the fMet-tRNAfMet, leading to the formation of the 30S IC. B. 30S IC interacts with IF2, hydrolyzes GTP,
the 70S IC forms and IF3 & IF1 are released. The 70S IC, after release of IF-2 GTP is ready for the
elongation step. (Myasnikov, Simonetti et al. 2009) Reprinted with permission

1.1.2 Elongation
In ribosome complexes involved in elongation (Ramakrishnan 2002)
(Figure 1.2) three tRNA binding sites exist. These binding sites are named based on the
type of tRNA that is bound. The exit site (E-site) typically interacts with amino acid freetRNAs (deacylated tRNAs). The peptidyl-tRNA site (P-site) interacts with the tRNA
attached to the nascent peptide. The amino acyl-tRNA (A-site) interacts with tRNAs that
deliver the new amino acid to be attached to the nascent peptide (Ramakrishnan 2002)
(Figure 1.2A; see 1. Initial selection). Various elongation factors (EFs) are involved in
facilitating the elongation process. The binding of the new amino acyl-tRNA (aa-tRNA)
to the ribosomal A-site is facilitated by the elongation factor Tu, EF-Tu. First, EF-Tu
binds to aa-tRNA and a GTP molecule (ternary complex) (Figure 1.2A; see 1. Initial
selection) (Ramakrishnan 2002). EF-Tu hydrolyzes GTP to GDP once the aa-tRNA from
the ternary complex interacts with the mRNA codon located at the A-site. EF-Tu bound
to GDP is then released from the ribosome (Figure 1.2A; see 1. Initial selection)
(Ramakrishnan 2002). If the aa-tRNA delivered does not interact correctly with the
codon, the aa-tRNA is released without making any reaction. This process is called
translational proofreading, which is an error-correcting process (Figure 1.2A, see 2.
Proofreading) (Ramakrishnan 2002). Different amino-acyl tRNA synthetases have their
specific mechanisms to recognize the correct amino-acids and not recognize non-cognate
amino acids (Nureki, Vassylyev et al. 1998, Silvian, Wang et al. 1999, Dock-Bregeon,
Rees et al. 2004). If the aa-tRNA delivered interacts correctly, the GTP hydrolysis
induced by EF-Tu promotes relocation of the amino acyl group of the aa-tRNA molecule
to the ribosome active center, called peptidyl-transferase center (PTC), (Figure 1.2B)
(Ramakrishnan 2002). At the PTC, which is located in the 50S subunit, either the f-Met
4

group or nascent peptide attached to the tRNA located at the P-site is transferred to the
aa-tRNA at the A-site. As a result, a deacylated tRNA is located at the P-site and a
peptidyl-tRNA is located at the A-site. Translocation then occurs when the deacylated
tRNA at P-site moves to the E-site and the peptidyl-tRNA moves from the A-site to the P
site (Figure 1.2B). The translocation process is carried out by the elongation factor G,
EF-G. Once EF-G bound GTP interacts with the translational complex, GTP is
hydrolyzed to GDP inducing translocation. EF-G bound to GDP is later released leaving
the A-site empty (Figure 1.2B) (Ramakrishnan 2002). These elongation steps are
repeated until the translational ribosome complex reaches the stop codon of the open
reading frame, where the translation termination normally occurs releasing the nascent
protein.
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Figure 1.2: Elongation process of translation in prokaryotes A. Formation of
ternary complex (EF-Tu, GDP, and aa-tRNA) and translational proofreading. B.
Relocation of the aa-tRNA to the peptidyl transferase center (PTC) mediated by
GTP hydrolysis. Reprinted by permission. (Ramakrishnan 2002)

1.1.3 Termination
Translation termination (explained in Figure 1.3) is induced by release
factors (RF) RF-1 or RF-2, with the aid of RF3, ribosome release factor (RRF), and EF-G
molecules. When the translational complex reaches the stop codon a release factor
interacts with this codon located at the A-site (Figure 1.3) (Ramakrishnan 2002). RF-1
recognizes the stop codon UAA and UAG while RF-2 recognizes UAA and UGA. These
release factors facilitate the hydrolysis of the ester bond between the newly synthesized
polypeptide and the tRNA of the peptidyl-tRNA located at the P-site. After the protein is
released, either RF-1 or RF-2 is liberated from the ribosome by RF3. RF3 bound to GDP
interacts with the translational complex, once bound exchanges GDP by GTP. RF3
hydrolyzes GTP to GDP; this reaction releases the release factor (RF1 or RF2) and RF3
from the ribosome (Figure 1.3) (Ramakrishnan 2002). RRF and EF-G then aid in
disassembly of the ribosome into 30S and 50S subunits. RRF binds to the empty A-site.
Later EF-G bound to GTP interacts with the complex. Hydrolysis of GTP to GDP by the
action of EF-G dissemble the translational complex releasing the last deacylated tRNA
and the mRNA, which completes the process of translation (Figure 1.3) (Ramakrishnan
2002).
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Figure 1.3: Termination of translation in prokaryotes. A. Recognition of the stop codon
followed by hydrolysis of ester bond by RF1 or RF2 then release of RF1 or RF2 by RF3. B.
Binding of RRF to EFG followed by GTP hydrolysis resulting in ribosome disassembly.
Reprinted by permission. (Ramakrishnan 2002)

1.2 50S subunit structure
The bacterial 50S ribosomal subunit is constituted of 23S rRNA, 5S
rRNA, and 31 ribo-proteins. The nascent peptide travels through a narrow tunnel in the
50S ribosome, whose wall is mostly lined with the 23S rRNA. However, some important
ribo-proteins are also found in the tunnel lining. This tunnel extends form the PTC to the
exit site which is 100Å away from PTC. The average width of the tunnel is about 15Å but
the extended loops of the ribo-proteins L4 and L22 form the narrowest region in the
tunnel allowing closer interaction of the ribosome with the nascent peptide (Yap and
Bernstein 2013). The two important residues of the 23S rRNA, A2058, and A2059 form a
macrolide binding site in the tunnel. The extended β-hairpin loops of the ribo-proteins L4
and L22 are located very close to the macrolide binding site. The 3’ ends of amino-acyl
tRNAs also converge very close to the macrolide binding site in the peptidyl transferase
center (Figure 1.4). Besides L4 and L22, L23 and L39 are also located very close to the
tunnel and mutations in any one of these ribo-proteins may change how the nascent
peptide interact with the ribosome tunnel and change in expression levels of some genes
regulated by the nascent peptide (For example, SecM mediated regulation of SecA) and
also effect the macrolide binding (For example, erythromycin resistance in presence of
K63E mutation on protein L4) (Yap and Bernstein 2013). The 23S rRNA nucleotide
residues and the amino acid residues of ribo-proteins L4 and L22 in the PTC and the exit
tunnel are highly conserved and are involved in regulating the expression of some genes.
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Figure 1.4: The nascent peptide exit tunnel in 50S ribosomal subunit in E. coli. The
amino-acyl tRNAs are shown in brown and grey and their 3’ends are converged into the
peptidyl transferase center where peptide bond forms. The outside of the peptide exit
tunnel is shown in yellow and the inside shown in blue. The tunnel wall mainly
comprises of rRNAs but the extended loops of proteins L4 and L22 form a constriction
near the macrolide binding site. Reprinted by permission (Mankin 2008)
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1.3 L4 ribosomal protein
1.3.1 Expression of L4 protein
L4 ribo-protein is one of the important RNA binding proteins that
constitute the 50S ribosomal subunit. L4 is coded by the gene rplD, which is located
within the S10 operon of E. coli chromosome. The S10 operon is constituted by several
genes that express ribo-proteins of both 30S (S genes) and 50S (L genes) ribosomal
subunits (See Fig.1.5). L4 protein is 201 amino acids long and its molecular weight is
22100 Daltons. Besides being an important structural factor of the 50S subunit, L4
protein also regulates the transcription of S10 operon by causing premature termination
of transcription of the S10 operon leader region as well as regulates translation of the S10
gene by binding to its mRNA (Yates and Nomura 1980) (Figure 1.5B). Whenever the
synthesis of L4 exceeds the synthesis of 23S rRNA, L4 regulates its own synthesis and
the synthesis of the other proteins encoded by the same S10 operon by binding to the
hairpin structure in the leader region of the S10 transcript (Zengel, Mueckl et al. 1980)
(Figure 1.5). L4 protein also stabilizes the paused structure before the transcription
termination of S10 and causes efficient termination of transcription (Zengel, Jerauld et al.
2003) (Figure 1.5).
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A

B

Fig 1.5: The S10 operon and its regulation. A) S10 operon codes for 11 r-proteins. In
normal conditions, all of the 11 ribosomal proteins are expressed and ribosomal assembly
is normal. B) When L4 is overexpressed, it binds to its own mRNA and prevents the
synthesis of all the proteins coded by S10 operon.
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1.3.2 L4 function in the ribosome
Mutations in the in L4 amino acids constituting the protruding loop
(Figure 1.6) confer resistance to antibiotics and cause effect in nascent peptide mediated
pausing (Voss, Gerstein et al. 2006, Lu, Kobertz et al. 2007, Lawrence, Lindahl et al.
2008, Petrone, Snow et al. 2008, Vázquez-Laslop, Ramu et al. 2011). Some of these
mutational changes on L4 affect the size of the exit tunnel constriction. It has been found
that some amino acid replacements in L4 reduce the diameter of the exit tunnel
constriction segment making difficult for the antibiotics to bind (Zaman, Fitzpatrick et al.
2007). These mutations were also found to reduce the growth rate of the bacteria by
reducing the rate of peptide chain elongation (Zaman, Fitzpatrick et al. 2007). The
replacement K63E in the L4 ribo-protein has found to confer resistance to the antibiotic
erythromycin (Gabashvili, Gregory et al. 2001, Zaman, Fitzpatrick et al. 2007). Also,
single mutations in positions Q62, G64, T65, and R67 of the L4 protein (Figure 1.6;
enclosed residues) confer resistance against either erythromycin or spiramycin (Diner and
Hayes 2009). Large insertions in the loop have also been found to affect the function of
ribosome. A six amino acid insertion after position S72 (Figure 6; enclosed residues) was
found to produce a very high expression of SecM/lacZ construct (SecM pausing sequence
fused with the gene encoding β-galactosidase) (Lawrence, Lindahl et al. 2008). Unlike
L22 ribosomal protein mutations which are known to affect the expression of several
bacterial genes during translation (Nakatogawa and Ito 2002, Trabuco, Harrison et al.
2010, Cruz-Vera, Sachs et al. 2011), very little is known about the effects of mutation in
L4 in translational regulation of genes in Escherichia coli.
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Figure 1.6: Alignment of L4 protein from different bacteria species. Amino acids corresponding to the loop that
protrudes the ribosome exit tunnel are indicated by numbers 59 and 69.

1.4 tna operon and L4 ribo-protein
The tna operon in E. coli is composed of three genes tnaC, tnaA and tnaB
(figure 1.7A). tna operon is involved in the degradation of the amino acid L-tryptophan
(L-Trp). tnaC codes for a 24 amino acid peptide called TnaC while tnaA codes for the
tryptophanase enzyme, which breaks down tryptophan into indole, pyruvate, and
ammonia. Finally, tnaB codes for a tryptophan permease protein. The expression of this
operon is induced by free L-Trp. In low concentrations of L-Trp, when a ribosome
reaches the stop codon of tnaC, translation termination occurs releasing the translational
complex. The termination of transcription in this case is Rho factor dependent. A Rho
factor is a protein that terminates the transcription by binding to the transcription
termination site called rut. A Rho binding-site, called rut, is an exposed region of
exposed single stranded RNA. A Rho binding site is located close to the tnaC stop codon
is then exposed after ribosome-releasing. Then, the Rho transcription terminator protein
interacts with the tna mRNA inducing premature transcription termination. This prevents
the expression of the two structural genes tnaA and tnaB located downstream of the tnaC
gene (Figure 1.7B). However in high concentration levels of L-Trp within the cell, the
ribosome stalls at the stop codon of tnaC, blocking any access to the rut binding site. This
last event prevents the Rho factor from binding and thus allowing the expression of
downstream genes tnaA and tnaB (Figure 1.7C) (Cruz-Vera, Sachs et al. 2011).
Previous studies have shown that mutation in some of the residues of protein L4
along with the other components of 50S ribosome affect the function of TnaC (CruzVera, Rajagopal et al. 2005). There has also been shown a possible interaction between
the TnaC nascent peptide and the ribo-protein L4 (Seidelt, Innis et al. 2009, Cruz-Vera,
Sachs et al. 2011). In figure 1.7D, important residues of the tunnel interacting with the
15

nascent peptide TnaC are shown. L4 protein is shown in purple and some of the possible
residues which are in close proximity to the TnaC nascent peptide and might be involved
in TnaC mediated stalling are highlighted. In order for stalling to occur, a series of
structural changes must be propagated from the exit tunnel back to PTC while the nascent
peptide is moving towards the exit tunnel (Seidelt, Innis et al. 2009). In figure 1.8, the
important 23S rRNA residues or ribosomal protein residues important in relaying the
signal to cause the stalling of TnaC peptide are shown among which R67 and G64 of
protein L4 are shown in pink. These observations suggest that changes in several amino
acid residues of L4 might affect the expression of not just tna operon but also other genes
in E. coli, whose regulation is mediated by nascent peptides (Ban, Nissen et al. 2000,
Seidelt, Innis et al. 2009, Trabuco, Harrison et al. 2010, Cruz-Vera, Sachs et al. 2011).
Therefore, we hypothesized that the L4 ribosomal protein controls the expression of
E. coli genes not related to ribosome biosynthesis.
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Figure 1.7:A tnaCAB operon of Escherichia coli. 7B: Schematic representation of
regulation of translation of tna operon (Cruz-Vera, Sachs et al. 2011) 7C: Important
residues of nascent peptide tnaC and other components of peptide exit tunnel important
for translation arrest. Reprinted by permission
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Figure 1.8: Ribosomal components including some residues of L4 shown in purple (G64
as R67) important in translational stalling of TnaC nascent peptide. Reprinted by
permission (Seidelt, Innis et al. 2009)
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Synthesis of proteins is carried out by ribosomes. Newly synthetized
(nascent) proteins are produced inside of the ribosome and exported out from the same
ribosome through a cavity called polypeptide exit tunnel. Recent studies have
demonstrated that molecular elements of the exit tunnel can interact with nascent proteins
affecting ribosome functions and by consequence gene expression. The bacterial
ribosome exit tunnel is constituted by several nucleotides of the 23S ribosomal RNA
(rRNA) and by amino acid residues of four ribosomal proteins. Many studies have been
addressed to analyze the function of the 23S rRNA nucleotides during the synthesis of
proteins; however few studies concentrate their efforts in the ribosomal proteins. The
main purpose of this work is to determine the role of ribosomal protein L4 in expression
of Escherichia coli genes. Bacteria strains containing mutant L4 proteins that affect the
expression of the tna operon were used to analyze the global expression of proteins. The
results obtained in this work would not only help in understanding the effect of L4
mutation in expression of tna operon but also in expression of other proteins possibly also
in organisms other than E. coli.
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Chapter Two
MATERIALS AND METHODS

2.1 Site Directed Mutagenesis
The plasmid pNHL4 was used as template to generate single replacements or
deletion in L4 amino acid residues. The plasmid pNHL4 was constructed by introducing
EcoRI-HindIII DNA fragment from E. coli strain W3110 containing rlpD gene into
plasmid pTMV228 (Cruz-Vera, Rajagopal et al. 2005). QuickChange Lightning SiteDirected Mutagenesis Kit (Stratagene, Catalog number: 210519-5) was used to obtain
mutations on the pNHL4 plasmid. Primers were designed with the desired amino acid
replacements flanked by ~10-15 nucleotide bases on both sides from the change (Table
2.1). The mutagenesis reaction was prepared with 1 µL of 10-100 ng of the template
plasmids, 1 µL of 10 picomoles of each primer with the desired mutation, 5 µL of 1X
reaction buffer, 1 µL of dNTP mix, 1.5µL of QuickSolution reagent, 38.5 µL of HyPure
Molecular Biology Water, and 1 µL of QuickChange Lightning Enzyme making the final
volume of the reaction 50 µL. PCR amplification was done using a thermal cycler using
following conditions:
1) Activation step at 95°C for 2 minutes
2) Amplification step for 18 cycles at 95°C for 20 seconds, 60°C for 10 seconds
and 68°C for 4 minutes and 30 seconds
20

3) Extension step at 68°C for 5 minutes

After amplification, 2 µL of DpnI enzyme was added to the reaction and the final mix
was incubated for 5-10 minutes at 37⁰C to digest the template DNA. The amplifications
were verified by running the products in 1% Agarose gel. The products from the
mutagenesis were transformed into XL-Gold ultra-competent cells.
Table 2.1 Primers used for the site in the replacement/ deletion of the amino acid
residue(s) of the L4 protein.
Primers
Sequences 5’ to 3’
L4P59G

GGTTCCGGTAAAAGGTAAAAAAGGCTGGCGCCAG GCCTTT

L4P59Gr

GCCGGTGCCTTTCTGGCCGGTCCGGTTTTTTACCGGAACC

L4W60D

GGTTCCGGTAAAAAACCGGACCGCCAGAAAGGCACCGGC

L4W60Dr GCCGGTGCCTTTCTGGCCGGTCCGGTTTTTTACCGGAACC
L4T65D

GGCGCCAGAAAGGCGCCAGAAAGGCGACGGCCGTGCGCGTTC

L4T65Dr

GAACGCGCACGGCGCGCGTCGCCGGTCTGCCTTTCTGGCGCC

L4R67D

CGCCAGAAAGGCACCGGCGACGCGCGTTCTGGTTCTATC

L4R67Dr

GATAGAACCAGAACGCGCGTCGCCGGTGCCTTTCTGGCG

L4A68D

CGCCAGAAAGGCACCGGCCGTGACCGTTCTATCAAGAGC

L4A68Dr

GCTCTTGATAGAACCAGAACGGTCACGGGCCTTTCTGGCG

L4R69D

GGCACCGGCCGTGAAAGGCACCGGCGACTGGTTCTATCAAG

L4R69Dr

CTTGATAGAACCACAGCCGGTGCCTTCTGGACGGCCGGTGCC

L4R69W

GGCACCGGCCGTGCAGAAAGGCACCGGCTGGTTCTATCAAG

L4R69Wr CTTGATAGAACCAGCCGGTGCCTTTCTGCACGGCCGGTGCC

21

L4Δ5969

GTAACTGGTTCCGGTAAAAAATCTGGTTCTATCAAGAGCCCG

L4Δ5969r CGGGCTCTTGATAGAACCAGATTTTTTACCGGAACCAGTTAC

2.2 Electrocompetent cells Preparation and transformtion
The desired cells were grown overnight in a 37°C water bath at 250 RPM. The
cells were diluted 50 fold the next morning and grown as before to an OD600 of 0.4 to 0.6.
The flasks were cooled by placing in an ice bath with swirling for 15 minutes. The cells
were then centrifuged at 5,500Xg at 4°C. The pellet was suspended in 1mL of ice-cold
sterile water and transferred to 1.5mL Eppendorf tube. The cells were then spun at 4°C at
maximum speed in a micro centrifuge tube. The cells were washed twice with ice cold
sterile water. Finally the cells were resuspended in 100 µL ice-cold water. If the cells
were to be stored at -80°C, 20 µL of 12% glycerol was added and placed in a -80°C
freezer. For use, 50µL of electrocompetent cells to be transformed were mixed with 15µL of plasmid, as the experiment determined, in a microfuge tube. The mix was
transferred to electroporation cuvette. Electroporation was done for 2-3 seconds at 1.8V.
1mL of LB was added to the cuvette and the mix was then transferred to microfuge tube.
The mix was incubated at 37°C for an hour with rotation. Cells were plated in the LB
plated with desired antibiotics.

2.3 Chemical competent cells preparation and transformation
The desired cells were grown overnight at 37°C at 250RPM. The cells were
diluted 50 fold the next morning and grown at 37°C with shaking to an OD600 of 0.4 to
0.6. The flasks were cooled by placing in an ice bath with swirling for 15 minutes. The
cells were then centrifuged at 5,500g at 4°C. The supernatant was discarded and the pellet
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was resuspended in 100mM CaCl2. The cells were washed with 100mM CaCl2 several
times and finally resuspended in 100µL of 100mM CaCl2 and 12% glycerol and stored at
-80⁰C for future use. Fifty microliters of competent cells and 2 µL of mutagenized
plasmids were taken and mixed in a microfuge tube. The mix was left on ice for 15
minutes. The mix was incubated at 42°C for 90 seconds and then put back to ice for 90
seconds. One milliliter of Luria Bertani (LB) broth media was then added to the mix and
incubated at 37°C for 30 minutes with rotation. One hundred microliters of the
suspension was plated on LB-agar plates with 100 g/ml of ampicillin (LB-amp). The
plates were incubated overnight at 37°C.

2.4 Plasmid extraction and sequencing
Bacterial cultures with the desired plasmids were grown overnight in 5 mL LB
(10 grams of tryptone, 5 grams of yeast extract, and 10 grams of NaCl2) with 100 µg/mL
ampicillin liquid media. Qiagen Spin Miniprep kit (Catalog number N3200S) was used to
extract the plasmids. The overnight cultures were centrifuged and the cell pellets were
resuspended in 250 µL of buffer P1 in a microcentrifuge after making sure that RNase A
had been added to the buffer. 250 µL of buffer P2 was then added to the resuspended
pellets and the tubes were inverted 4-6 times until the solution turned blue in color. 350
µL of buffer N3 was then immediately added to the mixtures and inverted 4-6 times until
the solutions turned colorless. The tubes were centrifuged for 10 minutes in a table-top
microcentrifuge at 13,000g. The supernatants were applied to the QIAprep spin columns
by pipetting avoiding any clumps and centrifuged for 30-60 seconds. The flow-through
was discarded. The spin column was washed using 750 µL of buffer PE and centrifuged
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for 30-60 seconds. The flow- though was discarded and the columns were centrifuged for
another 30-60 seconds to remove the residual wash buffer. The QIAprep spin columns
were then placed in 1.5 mL micro-centrifuge tubes and 50µL of the Elution buffer EB
was added to the columns. The tubes were left to stand for one minute and centrifuged for
a minute to elute the plasmids in the micro-centrifuge tubes. The eluted plasmids DNA
were stored in -20°C. The extracted plasmids were sequenced to verify the presence of
the desired mutations using a primer whose sequence is complementary to 3’ end region
(5’CGCGCAGAGCGCGCTGACTG 3’).

2.5 β- galactosidase assay
β-galactosidase assay was carried out to measure the expression of the reporter
gene tnaC-tnaA’-‘lacZ in the SVS1144 strain and the expression of the lac operon in the
W3110 strain. Overnight cultures of each mutant strains were sub-cultured in 2-5 ml of
M9 medium (768 mL of sterile H2O, 200 mL of M9 salts (64 grams of Na2HPO4.7H2O,
15 grams of KH2PO4, 2.5 grams of NaCl, and 5 grams of NH4Cl in one liter of H2O), 2
mL of 1 M MgSO4, 20 mL of 20% glycerol, 10 mL of 5% ACH, and 100 µL of CaCl2)
with 100 µg/mL ampicillin and either in absence or presence of increasing levels of 1Methyl Tryptophan (1M-Trp) and grown at 37°C up to OD600=0.4. Duplicate dilutions of
25 µL cells with 200 µL Z buffer (60mM Sodium Phosphate, pH 7.0, 10mM KCl, 1mM
MgSO4, and 50mM β-mercaptoethanol) were made in the test tubes. Controls with just Z
buffer were also made. 25 µL of 0.1% SDS and 50 µL of chloroform were added and
vortexed to permeabilize the cells. The tubes were placed at room temperature to
equilibrate. One hundred microliters of 4 mg/mL ONPG was added to each tube and
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reaction was initiated by vortexing. The reactions occured for 3 minutes and the time was
noted. When yellow color appeared, the reaction was stopped by adding 0.25 mL of 1 M
Sodium Carbonate. The total reaction time was recorded. The tubes were centrifuged for
about 3 minutes at 13,000 RPM in a micro-centrifuge. The absorbance at 420 nm and 550
nm were then determined. OD600 of the cell suspensions were also measured. The
equation below was used to measure the β-galactosidase activity:
Activity = (1000 *OD420 -1.75 OD550)/ (OD600 * 3 * 0.1)
Once the activities were calculated they were plotted against increasing levels of 1M-LTrp. We determined if they were significantly different by using GraphPad Prism 6 and a
multiple t-test analysis or a paired t-test analysis.

2.6 Protein Extraction
Ten milliliters of the overnight cultures of the cells to be used for the SDSPAGE gel were mixed with 50 µL of 0.1% sodium azide to stop the cell growth. Cells
were centrifuged and the pellets were resuspended in 50 µL of lysis buffer containing 10
mM Tris at pH 8.0, 5 mM magnesium acetate, 8 M urea, and 4% w/v CHAPS. Cells
were then lysed by sonication using a sonicator (Fisher Scientific, model: 4C15).
Sonication was conducted in an ice cold condition for a one second pulse with lag of
three seconds for one minute. Sonication was repeated twice or until cell suspension was
cleared. Cell debris was separated and transferred to a clean tube. The samples were
stored at -70⁰C for further analysis.

25

2.7 SDS PAGE Electrophoresis
The proteins were resolved on the 10% SDS PAGE electrophoresis, which
composition is indicated as follow:
Separating gel preparation-0.375 M Tris, pH 8.8
For the preparation of the separating gel, 33.5 mL Distilled water, 25 mL of 1.5 M
Tris-HCl pH 8.8, one mL of 10% (w/v) SDS stock stored at the room temperature, 40 mL
of 30% stock Acrylamide/Bis, 500 µL of 10% of freshly prepared ammonium persulfate,
and 50 µL of TEMED was used.

Stacking Gel Preparation- 4.0% gel, 0.125 M Tris, pH 6.8
For the stacking gel preparation, 12.2 mL od Distilled water, 5 mL of 0.5 M TrisHCl, pH 6.8, 200 µL of 10% (w/w) SDS, 2.6 mL of 30% stock Acrylamide/Bis, 100 µL
of 10% ammonium persulfate, and 20 µL of TEMED was used to make a final volume of
20 mL stacking gel.
The samples were run at a constant current of 40 mA per 20 cm for 5 hours and
the gel was stained with Bio-Safe Coomassie blue G-250 Stain from Bio-Rad (Catalog
number 161-0787).
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CHAPTER THREE
RESULTS
3.1 Mutations of the L4 residues that constitute the narrow region
of the peptide exit tunnel
Using the model obtained by cryo-EM analysis of the TnaC-tRNAPro
peptidyl-tRNA attached to a ribosome as a reference (Figure 3.1), we observed that the
L4 amino acid residues corresponding to positions 59 through 69 were in close vicinity to
the essential TnaC residues D16 and W12 (Figure 3.1). With this information we decided
to generate sequence alignments of L4 proteins from several organisms including
different species of bacteria, cyanobacteria, fungi, a unicellular eukaryote, a plant, and a
mammal (Figure 3.2). L4 proteins in eukaryote organisms were from either mitochondria
or chloroplasts. As seen in the Figure 3.2, the amino acid residues in position 62, 63, 66,
68 and 69 are highly conserved in various domains of life (Figure 3.2; red color).
However, the amino acid residues in position 59, 60, 61, 64, 65 and 67 are less conserved
(Figure 3.2; yellow color). Because the action of TnaC is unique for enterobacter, the
most recent order of gama-proteobacteria, we decided to make mutational changes in
those residues that are both less conserved and facing the lumen of the exit tunnel since
they have more chances of interacting with the nascent polypeptides. PCR-based site
directed mutagenesis of the rlpD gene (L4 gene) was done on the codon positions 59, 60,
65, 67, and as controls we mutagenized codons 68, 69, and deleted the segment
constituted by codons 59 to 69 (see Materials and Methods). The PCR-amplification
products

were

verified

in
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1%

Agarose

gel (Figure 3.3) and the mutations determined by sequencing (Figure 3.4) (see Material
and Methods).
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Figure 3.1: Model of the TnaC-peptidyl-tRNAPro within a ribosome. Black balls indicate
the TnaC nascent peptide. Red balls indicate essential TnaC residues for inhibiting
ribosome function in the presence of L-Trp. Green balls and cyan balls indicate amino
acid residues of the L22 and L4 ribosomal proteins respectively, which are in close
proximity to the nascent polypeptide. PTC indicates the ribosome active site. Curved
arrow indicates the orientation of the L4 polypeptide loop that is constituted by the amino
acid residues at positions 59 through 69. This structure was obtained using Pymol and the
file 1KQS (Nakatogawa and Ito 2002, Schmeing, Seila et al. 2002, Martínez, Shirole et
al. 2012).
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Figure 3.2: L4 ribosomal proteins alignment. The figure shows an alignment of the
protein segment that constitutes the L4 loop. The alignment was obtained by using
ClustalX. Proteins representative of organisms from different domains of life were
used. Escherichia coli, a gama-protobacteria. Azospirillum sp., an alphaproteobacteria. Bordetella petrii, a beta-protobacteria. Desulfovibrio vulgaris, a
delta-proteobacteria. Helicobacter suis, an epsilon-proteobacteria. Treponema
succinifaciens, a spirochaetes bacteria. Clostridium tetani, a gram positive bacteria.
Cyanobacterium stanieri, a cyanobacteria. Saccharomyces cerevisiae, a fungi.
Oxytrichia trifallax, a unicellular ciliate eukaryote. Arabidopsis thaliana, a plant.
Mus musculus, a mammal. L4 proteins from eukaryote organisms constitute
ribosomes from mitochondrial or chloroplast organelles.
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Figure 3.3: 1% Agarose gel showing 2-log ladder (leftmost lane), amplification of
mutation R67D (middle lane) and Δ59-69 (rightmost lane)
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Figure 3.4: A. Sequences of the wild-type rlpD gene. B. rlpD gene sequence
with RD change at position 69. C. Sequence with WD change at position
60.

3.2 Expression regulation of the tnaC-lacA’-lacZ’ reporter gene in
bacteria strains containing mutant L4 proteins
We analyzed the expression of the tnaC-lacA’-lacZ’ construct to
determine the effects of the L4 mutants in the function of the TnaC nascent polypeptide.
We grew SVS1144 cells transformed with mutant plasmids in minimal media containing
increasing concentrations of 1-Methyl-L-tryptophan (1M-Trp) (see Materials and
Methods), a highly stable inducer of the tna operon (Yanofsky, Horn et al. 1991). These
bacterial strains are heterozygotes containing one wild type version of the L4 gene in the
chromosome and either a wild type or mutant version of the L4 gene in a plasmid. We
decided to keep the wild type version in the chromosome to avoid growth delay probably
produced by the expression of the L4 mutants. As seen in Figure 3.5, cells containing the
mutant plasmids P59G, W60D, T65D, R69D, R69W, and A68D did not affect the
maximum expression of the reporter gene compared with cells containing the wild type
L4 plasmid. On the other hand, maximum expression of the reporter gene was reduced in
the cells containing the mutant R67D (Figure 3.5; compare close circles with open
triangles). However, in the cells with the Δ59-69 plasmids the expression of the reporter
gene was completely inhibited (Figure 3.5; compare close circles with upside down open
triangles). We performed multiple t-test statistical analysis between the values obtained
for the wild-type strain with the values obtained for each mutant strain (Materials and
Methods). As seen in the graphs, the results from the t-tests showed that our mutations
R67D and Δ59-69 significantly reduced the expression of the reporter gene.
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Figure 3.5: tnaA’-‘lacZ expression in bacteria strains containing L4 mutant genes. Exponential plot
showing the average expression (four experiments, n=4) of β-galactosidase protein. Activity in
Miller units is plotted against increasing concentrations of 1-M-L-tryptophan. Multiple t-test
analyses were made between values corresponding to the wild-type strain and the values of each
mutant (Material and Methods). These analyses indicated that the expression in the cells containing
the mutant L4 genes R69W (P<0.001), R67D (P<0.0002) and Δ59-69 (P<0.0001) were
significantly different from cells containing the wild type L4 gene.
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The concentration of 1M-L-Trp to achieve 50% of the reporter gene
maximum induction for each of the L4 mutants was also calculated (Table 3.1). We ran
paired t-tests analysis to determine which values were statistically different (Material and
Methods). We did not observe any statistical differences in the 1M-L-Trp concentrations
between wild type and the P59G, W60D, T65D, and A68D. In the case of the mutants
R67D and R69D, there was a slight increase in the 1M-Trp values ( 2 times) with
respect the wild type L4. In the case of the R69W mutant the 1M-Trp concentration was
increased significantly ( 4 times) with respect the wild type L4.

35

Table 3.1: Concentration of 1M-Trp required for obtaining 50% maximum
activities in presence of wild-type or mutant L4 proteins.

L4 gene

[1M-Trp]
(M)

Standard
Errors

Wild-type

6.8

1.5

P59G

8.6

3.2

W60D

8.3

1.5

T65D

6.6

1.8

R67D

11.8

3.2

A68D

9.5

1.9

R69D

13.3

2.2

R69W

25.2

4.4

Δ59-69

NA

NA

The most significant results are highlighted in gray. Paired T-test analyses
between the [1M-Trp] required for the cells expressing wild-type L4 genes to
achieve 50% of its maximum activity and those for each mutant indicated that
these values were significantly different in the cells expressing mutants R67D,
R69D and R69W compared to the cells expressing wild-type L4 genes.
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We decided to analyze the expression of the lacZ gene from the lac operon to
determine if the effects in the expression of the tnaC-tnaA’-lacZ’ reporter gene were due
to problems in translating the lacZ open reading frame. lacZ expression from the W3110
bacterial strain transformed with either wild type or mutant L4 plasmids was determined
with increasing levels of the inducer IPTG (Figure 3.6). We ran multiple t-tests to see
which of our L4 mutants affect significantly the lac operon expression (Material and
Methods). The results showed that all of our mutations affected the lac operon
expression. Mutations P59G, R67D, Δ59-69, and A69D mutations caused a slight
reduction ( 20% less) in the maximum expression of lac operon comparing with the
wild type strain. Meanwhile, the mutations W60D, T65D, R69D and R69W reduced the
maximum expression significantly more ( 40% less).
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Figure 3.6: lacZ expression in the bacteria containing L4 mutant genes. XY plot
showing the average expression (n=2) of β-galactosidase protein in Miller units
plotted against increasing levels of IPTG. Multiple T-test analyses between the
values corresponding to the wild-type and the valuef of each mutant (Matetials and
Methods) indicated that the expression of cells containing mutants W60D (P
=0.0002), T65D (P< 0.0001), R69D (P=0.0017) and R69W (P=0.0007) were
significantly different from the cells containing wild-type L4 genes.
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3.3 General protein accumulation in bacteria cells containing
mutant L4 proteins.
We decided to analyze the expression of other bacterial genes in the
presence of our L4 mutant proteins. Global analysis of the accumulation of proteins in
bacterial cells containing either wild type or mutant L4 plasmids were performed using
SDS polyacrylamide gels (see Materials and Methods) (Figure 3.7). We did not observe
general reduction in the steady state concentration of proteins in the cells containing any
of the mutant L4 plasmids under minimal media growth conditions (Figure 3.7).
However, we observed changes in the amount of specific proteins. In the case of proteins
with molecular weight of approximately 78 kD, we observed a slight increment in
bacterial cells containing the P59G, W60D, R69D, R69W, and Δ59-69 mutant plasmids
compared to bacterial cells containing the wild type plasmids (Figure 3.7; upper arrow).
Similarly, we observed that proteins with molecular weights 32kD, 26kD, and 23kD had
a slight concentration increase from cells containing the A68D, R69D, R69W and Δ59-69
mutant plasmids compared to the cells containing the wild type plasmid (Figure 3.7;
bottom arrow).
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Figure 3.7: SDS – PAGE Electrophoresis gel with protein extracts from SVS1144 cells
expressing, from left to right, wild-type, P59G, W60D, T65D, R67D, R69D, R69W, and
Δ59-69 L4 proteins.
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CHAPTER FOUR
DISCUSSION
4.1 Amino acid residues of the L4 protein involved in the
expression regulation of the tnaCAB operon.
In this study, we used the E. coli strain SVS1144 containing tnaA’-LacZ’ construct
(Konan and Yanofsky 2000), whose expression is regulated by the tnaC regulatory gene,
to analyze the effect of mutational changes in the L4 protein on the action of the
regulatory TnaC leader peptide. We deleted the entire region of the L4’s β-hairpin loop
that faces the exit tunnel. This involved a deletion of 11 amino acid residues from
position 59 to 69. Removing these 11 residues completely suppressed the expression of
tnaA indicating the importance of the physical interaction of this L4 loop with the TnaC
nascent peptide. Furthermore, our results showed that two residues in L4, R67 and R69,
are very important in the function of the TnaC peptide and thus in regulating the
expression of the tna operon.
Molecular dynamics models described in previous studies have shown the
possible interactions of some of the L4 residues constituting the peptide exit tunnel with
the regulatory TnaC nascent peptide. In those studies, it is suggested that L4 arginine
residues could interact with the residue W12 of TnaC peptide (Seidelt, Innis et al. 2009,
Trabuco, Harrison et al. 2010). In accordance, the mutation R67D reduced the maximum
expression of the tnaA’-lacZ’ in presence of 1M-Trp (see Figure 3.5). The replacements
R67D, R69D, and R69W also increased the concentration of L-Trp required for 50%
maximum induction (see Table 3.1). The data suggests that these arginine residues could
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interact with the W12 residue of TnaC. The interaction between L4 arginine residues and
W12 of TnaC might be involved in generating a structural conformation that allows TnaC
and L-Trp to be functional within the ribosome.

4.2 Effects on protein synthesis generated by mutational changes
in the L4 protein
From previous studies, it is known that the extended loop of L4 is not important for
ribosome assembly and ribosome activity (Zengel, Jerauld et al. 2003). However, the L4
loop is important to maintain the structure of the ribosomal exit tunnel (Voss, Gerstein et
al. 2006). As a result, it seems obvious that protein synthesis could be affected by amino
acid replacements within this loop. In general, our analysis of the expression of the lacZ
gene from the Lac operon indicates that our replacements reduce the synthesis of galactosidase (Figure 3.6). Even though our reporter gene was constructed with a lacZ
gene, we could see differences among mutations; e.g. R67D or Δ59-69 affect the
expression of the lacZ reporter considerably more than other mutants (Figure 3.7).
Therefore, we conclude that changes in the L4 loop might affect the ribosome efficiency
for translating proteins, but some of these changes can also substantially affect the
expression of specific genes such as our reporter gene. Similar conclusions have been
obtained in recent studies. Δ82-84 mutation in ribosomal protein L22 was found to
selectively reduce the level of antigen 43. (Yap and Bernstein 2013). We suggest that our
mutations in L4 might be acting on expression of some proteins selectively identities of
which are needed to be determined with future experiments.
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We analyzed the effect of the mutant L4 proteins in the global expression of the
E. coli genes (Figure 3.8). Surprisingly, very few proteins had observed changes in their
steady state concentration. Moreover, those changes were observed with respect to
increasing concentrations (Figure 3.8). Previous studies using mutational changes in
either L4 or L22 ribosomal proteins have shown that the expression of genes regulated by
nascent peptides is always reduced (Apirion 1967, Chittum and Champney 1994,
Gabashvili, Gregory et al. 2001, Nakatogawa and Ito 2002, Cruz-Vera, Rajagopal et al.
2005). The rate of peptidyltransferase activity was significantly reduces in presence of L4
mutants resulting in reduction of the reporter gene expression. Considering the fact that
our cells could grow in minimal media without any problem, we suggest that some genes
increase the expression of their proteins to compensate the reduction of other proteins
affected by the L4 mutations. The fact that the expressions of proteins other than
tryptophanase are upregulated suggests that L4 might be important in expression
regulation of genes other than tnaA. Further studies are required to find out which genes
are actually affected by these mutations.
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CONCLUSION
This study describes a series of experiments to better understand the function of the loop
constituting the L4 ribosomal protein in the expression of bacterial genes. We
demonstrate that this loop, specially the arginine residues R67 and R69 are important for
the expression of the tna operon and therefore selectively affect the expression of
Tryptophanase. Further experiments are needed to identify the possible interaction of the
arginine residues with the critical residue of TnaC nascent peptide. W60D, T65D, R69D
and R69W mutations in protein L4 significantly reduced the expression of the lac operon
suggesting that L4 protein is not only important in Tryptophanase expression but also in
regulation of expression of proteins other than Tryptophanase. In accordance, mutational
changes in the amino acid residues of this loop were also found to affect the expression of
few proteins in E. coli cells. Further analyses are needed to resolve which proteins are
affected by the presence of these mutations and to understand their relationship with the
ribosome’s components.
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